The nondestructive adsorption of long chain dialkyl sulfides on gold is reported. Self-assembled monolayers of decanethiol, didecyl disulfide, and didecyl sulfide were prepared and characterized by XPS, grazingangle FT-IR, wettability studies, and TOF-SIMS. The first three techniques provide evidence that wellpacked monolayers are formed. The positive SIMS spectrum of didecyl sulfide showed fragments that originate from intact dialkyl sulfide attached to gold without C-S bond cleavage. Our results underline the generally accepted nondestructive adsorption process of dialkyl sulfides and contradict the recently reported cleavage of one of the alkyl sulfur bonds of sulfides upon adsorption.
Introduction
Since the first report of monolayer assemblies on a gold surface by Nuzzo and Allara, 1 the nature of the binding of sulfur-containing adsorbates to gold has been discussed. It is generally accepted that alkanethiols adsorb on gold as thiolates, 2 although recently adsorption as disulfides has been proposed. 3 Until recently only a few examples of self-assembled monolayers of dialkyl sulfides on gold were reported. 4 We have described the synthesis and selfassembly on gold of resorcin[4]arene (1), calix[4]arene (2) , and carceplex (3) derivatives, which are bound to the gold surface via four 5 anchoring dialkylsulfide units. 6 There are no indications that upon adsorption one of the C-S bonds would be cleaved.
However, Zhong and Porter reported that sulfides, viz. phenyl ethyl sulfide and dibutyl sulfide, adsorb on gold as thiolates. 7 They claim that one of the alkyl sulfur bonds cleaves upon adsorption on the surface. In a recent paper 8 Zhong and Porter propose that such cleavage might be a general reaction of dialkyl sulfides upon adsorption on gold. This would contradict not only our results but also those of others 4 and would invalidate our current strategy toward the self-assembly of (relatively) large receptor molecules on gold. In this paper we report our experimental evidence that dialkyl sulfides are adsorbed on gold in a nondestructive way.
Experimental Procedures
Chemicals. Decanethiol (4; RSH) was purchased from Aldrich, and didecyl disulfide (5; RSSR) and didecyl sulfide (6; RSR) were synthesized according to literature procedures. 9 The purity of the compounds was proven by NMR and GLC (g99%), while fast-atom-bombardment mass spectrometry (FAB-MS) was used for comparison with monolayer mass spectrometry.
Gold Substrates. Gold substrates were prepared by evaporating 200 nm of gold on a glass slide of 25 mm diameter with a 2 nm chromium layer for adhesion and were used immediately after evaporation.
Monolayer Preparation. All glassware used to prepare monolayers was immersed in pirañ a at 70°C for 1 h. Warning: Pirañ a solution should be handled with caution; it has detonated unexpectedly. 10 Next, the glassware was rinsed with large amounts of high-purity water (Millipore). The freshly prepared gold substrates were immersed with minimal delay into a 1 mM adsorbate solution in ethanol for 8 h. Subsequently, the substrates were removed from the solution and rinsed with dichloromethane, ethanol, and water to remove any physisorbed material.
Instrumentation. For X-ray photoelectron spectroscopy (XPS) a VG Escalab 220i-XL instrument was used with a monochromatic Al KR X-ray source. Grazing-angle FT-IR was performed on a Biorad FTS 60 A spectrophotometer at an angle of incidence of 87°, with nitrogen purge, by co-adding 256 scans with 2 cm -1 resolution. Clean substrates were used as a background. The contact angle measurements were measured with a home-made videosystem which records the growth and shrinkage of solvent droplets (1-2 µL) via a small syringe. At the moments of expansion and contraction a photograph was made, and the contact angle was determined from the photograph. 11 The time-of-flight secondary ion mass spectrometry (TOF-SIMS) spectra were acquired with a VG IX23LS time-offlight instrument with a pulsed primary beam of Ga + ions (30 keV) under 'static' conditions.
Results and Discussion
Self-assembled monolayers of decanethiol (4), didecyl disulfide (5), and didecyl sulfide (6) were prepared and characterized by XPS, grazing-incidence FT-IR, wettability studies, and time-of-flight secondary ion mass spectrometry (TOF-SIMS). XPS showed the presence of the elements carbon and sulfur in the monolayer. 12 No distinct differences in the S(2p 3/2 ) peak positions for the three monolayers are found; all three monolayers exhibit a signal for C(1s) at 284.8 eV and for S(2p 3/2 ) at 161.9-162.0 eV. 13 Since no profound differences in the S(2p 3/2 ) peak position between the neat thiol and sulfide compounds are reported, 14 no conclusions based on XPS peak positions can be drawn with regard to the adsorption process. The IR spectra show the alkyl stretches in the 2970-2850 cm -1 region ( Table 1) . The asymmetrical and symmetrical CH 2 stretch vibrations for a decanethiol monolayer (4) have been reported, which indicates a more crystalline-like monolayer in that case. 15 Wettability studies with water revealed high advancing contact angles and a small hysteresis between the advancing and receding contact angles for all monolayers ( Table 2 ). The contact angles are slightly smaller by approximately 5°than reported for monolayers of 4-6, 4a,16 but the hysteresis (an important measure for the degree of order of the monolayer) is in the same range (10-15°). These three techniques provide ample evidence that well-packed monolayers were formed. The positive SIMS spectra of 4-6 (Figure 1 ) show profound differences between monolayers of didecyl sulfide and decanethiol or didecyl disulfide. The SIMS spectrum of didecyl sulfide clearly shows major peaks at m/z ) 511 (M + Au) + , at m/z ) 313 (M -H) + , and at m/z ) 509 (M + Au -2H) + . These peaks originate from intact dialkyl sulfide attached to gold without C-S bond cleavage. In the spectra of the thiol and disulfide monolayers no peaks are observed at these positions. 17 In addition in the SIMS spectrum of the didecyl sulfide monolayer a fragment is observed at m/z ) 370 (C 10 H 21 S + Au) + , 18 which corresponds to the fragment m/z ) 173 (C 10 H 21 S) + in the FAB-MS spectrum of the neat sulfide 6. As expected, also in the spectra of decanethiol (4) and the didecyl disulfide (5) monolayer this peak at m/z ) 370 is present, which in those cases corresponds to the adsorbed species plus one gold atom. Previous SIMS measurements of a resorcin[4]arene monolayer also revealed the (M + Au) + peak, which confirms the nondestructive adsorption of dialkyl sulfide adsorbates.
19 Additionally, also Hagenhoff et al. 4c recently reported SIMS measurements with monolayers of the dialkyl sulfide S((CH 2 ) 11 OH) 2 and found the (M + Au) + peak in the positive SIMS spectrum of the monolayer; this was interpreted as the attachment of the intact sulfide molecule.
20
These results are in sharp contrast to the recent conclusion by Zhong and Porter that in phenyl ethyl sulfide and dibutyl sulfide the C-S bond cleaves. Their only evidence for the bond cleavage comes from reductive desorption measurements, viz. the observation of two desorption peaks for phenyl ethyl sulfide (at -0.57 and -0.67 V Ag/AgCl ), like in the individual desorption of monolayers of thiophenol and ethanethiol (peaks at -0.57 and -0.68 V Ag/AgCl , respectively). However, it should be emphasized that these data were obtained under destructive conditions (removal of the monolayer at very negative potentials and strong alkaline conditions [0.5 M KOH]). Under these severe conditions, C-S bond cleavage may well occur and this might explain the two peaks in the reductive sweep.
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In conclusion, self-assembled monolayers of decanethiol, didecyl sulfide, and didecyl disulfide were compared by means of XPS, grazing-angle FT-IR, and wettability, showing no distinct differences. Profound differences between the three monolayers were, however, shown by mass spectrometry. TOF-SIMS measurements gave direct chemical evidence for the nondestructive adsorption of long chain dialkyl sulfides on gold. 
